Natural contamination by zearalenone, a toxic metabolite of Fusarium fungi, was surveyed in 160 samples of sorghum imported from 2001 to 2006 into Japan for feed. Of these 160 samples, 84 (52.5῍) were contaminated with zearalenone, ranging in concentration from 60 to 7,260 mg/kg. In the contaminated sorghum samples, F. semitectum, F. verticillioides, F. oxysporum, and other Fusarium spp. were detected. The concentration of zearalenone was well correlated with the development of colonies of F. semitectum and other Fusarium spp. When the isolates of F. semitectum and F. verticillioides were cultivated on sorghum, zearalenone was found only in F. semitectum culture. These results indicate that F. semitectum is a causal fungus of zearalenone contamination in sorghum.
Introduction
The mycotoxin zearalenone is a secondary metabolite produced by plant pathogenic Fusarium species, including F. graminearum (Gibberella zeae) and F. culmorum, after contamination of grain 1) . Although zearalenone is not highly toxic, this compound can exert estrogenic e#ects on the mammalian reproductive system 2) . Swine have been reported to be more susceptible to zearalenone than other animals. Zearalenone-induced hyperestrogenism in female swine results in enlargement of the uterus and nipples, vulvar swelling, vaginal prolapse, and infertility. Exposure of male swine to zearalenone can result in testicular atrophy and enlarged mammary glands. Natural contamination of various foods and feeds, including cereals, by zearalenone has been investigated in many parts of the world 3) . Although sorghum (milo) is a grain that is cultivated worldwide in warmer regions, little has been published regarding the frequency of contamination by zearalenone or regarding mycological studies of sorghum in terms of areas planted after corn, wheat, rice, and barley crops 4) , 5) . In Japan, formula feeds are produced from grains, oil meals, and other ingredients that mostly originate from imported commodities. Sorghum is frequently used as a feed ingredient, as are maize and soybean meal. Sorghum is particularly used in swine feed formulas with a mean mixing rate of 10ῌ20῍.
To monitor mycotoxins and other hazardous agents in grains used for feed, samples of grains are regularly analyzed by the Food and Agricultural Materials Inspection Center (FAMIC). A total of 160 samples of sorghum, imported into Japan for feed, were collected from 2001 to 2006 and analyzed for zearalenone contamination.
The analysis of these samples for zearalenone contamination and for mycological examination revealed that sorghum was significantly contaminated with zearalenone and that the causative fungus was F. semitectum. Although there have been a few reports on the causal fungi of zearalenone contamination in sorghum, here we systematically studied the relationship of this fungus to zearalenone contamination.
Materials and Methods

Samples
The samples of sorghum for the contamination survey were collected in quantities of about 500ῌ1,000 g at feed mills in Japan during 2001ῌ2006. The sorghum samples numbered M-1 to M-5 and M-7 to M-9 were collected for a preliminary survey to set a maximum level of zearalenone in 2002, and other samples were collected for routine analysis. These samples were ground to particles less than 1 mm in diameter with an ultracentrifugal mill (ZM1, Retsch, Haan, Germany) and stored at 4ῌ prior to analysis. Sorghum, which was used as an artificial inoculation medium to determine zearalenone production, was purchased in the retail market (domestic cultivar Aka-takakibi).
Standard and reagents
The zearalenone standard was purchased from Sigma-Aldrich (St. Louis, MO). Zearalenone stock solution was prepared in acetonitrile at a concentration of approximately 50 mg/mL. The exact concentration of the solution used was determined according to the AOAC o$cial method 971.22 6) , based on values of molecular weight and molecular absorptivity in acetonitrile of 318.4 and 12,623, respectively. The stock solution was stored at ῍20῏. The solvents used for HPLC and LC/MS(/MS) were of HPLC grade. The reagents used for other procedures were of analytical grade.
Contamination Survey of Zearalenone
Purification of zearalenone
The method to determine the presence of zearalenone in sorghum was the o$cial method for feed analysis in Japan 7), ῍ 1 . A sample of 25 g of ground sorghum was extracted in 100 mL acetonitrileῌwater (21 : 4) by shaking for 30 min. The extract was centrifuged at 1,000῎ ῎ for 5 min, and the supernatant was transferred to a plastic tube attached to a multifunctional cleanup column (MycoSep 226 AflaZonῌ, Romer Labs, Union, MO). The cleanup column was pushed into the tube until 2 mL of the solution e#used through the column, and this was discarded, then the column was pushed further until another 2 mL of the solution e#used. This aliquot was centrifuged at 5,000῎῎ for 5 min, and the supernatant was analyzed by HPLC.
HPLC conditions
HPLC was measured using an Agilent 1100 series LC system (Agilent Technologies, Santa Clara, CA). A 20-mL sample of purified sorghum extract was loaded onto a Mightysil RP-18 GP column (250῎4.6 mm i.d., 5 mm; Kanto Chemical, Tokyo, Japan) at 40῏. The mobile phase was methanolῌwater (13 : 7) at a flow rate of 1.0 mL/min. The fluorescence detector was set to an excitation wavelength of 278 nm and emission wavelength of 460 nm. Quantification of zearalenone in sample solution was performed by using a calibration curve.
Mycological Examination Isolation of the fungus
A portion of the sorghum samples collected during the contamination survey in 2002 was examined. Fungi were determined using the dilution plate method. Each sample of sorghum was composed of 200ῌ300 g subsamples prepared for mycotoxin analysis. A quantity of 10 g of finely ground sorghum was homogenized for 1 min in 90 mL sterile 0.1ῐ peptone-water using a Stomacher (Lab-Blender 400, Seward, West Sussex, UK). After further dilutions, 0.5 mL of a final diluted solution was placed on a dichloran rose bengal chloramphenicol agar (Oxoid, Cambridge, UK) plate using the surface spread technique. Two dishes were used for each diluted solution. The Petri dishes were incubated at 25῏ for 5ῌ7 days, during which the developing colonies were counted, the fungal genera and species were identified, and the frequency of fungi was calculated per gram for each sample.
Identification of Fusarium species
Fusarium isolates were purified by subculturing on potato-dextrose agar slants and carnation leaf agar and identified on the basis of macroscopic and microscopic characteristics, in accordance with Nelson et al.
8)
Assay of Fusarium isolates for zearalenone production
The zearalenone-producing ability of Fusarium isolates was determined by inoculating 30 g of sterilized sorghum incubated at 25῏ for 2 weeks. Then 25 g of culture was subjected to zearalenone extraction using 100 mL of acetonitrileῌwater (21 : 4) by blending for 5 min with a blender. The extract was centrifuged at 1,000῎῎ for 5 min, and the supernatant was loaded onto a multifunctional clean-up column (MultiSep 226 AflaZonῌ, Romer Labs). The first 4 mL of eluate was discarded, and the following 3 mL was collected; 2 mL was evaporated to dryness at 50῏. The residue was redissolved in 1 mL of acetonitrileῌwater (1 : 1) and centrifuged at 5,000῎῎ for 5 min. The supernatant was analyzed by LC/MS, and some of the values obtained were confirmed by LC/MS/MS.
LC/MS conditions
Chromatographic separation was performed using a Prominence series LC system (Shimadzu, Kyoto, Japan). Mass detection was performed using an LCMS-2010EV single quadrupole mass spectrometer (Shimadzu) equipped with an atmospheric pressure chemical ionization (APCI) interface in the negative ion mode. A 10-mL sample of inoculated sorghum extract was loaded onto a ZORBAX Eclipse XDB-C18 column (250῎2.1 mm i.d., 5 mm; Agilent Technologies) at 40῏. The mobile phase was acetonitrileῌmethanolῌ10 mmol/L ammonium acetate solution (4 : 7 : 9) at a flow rate of 0.5 mL/ min. The temperature of the mass detector interface was set at 300῏, the nebulizer gas was nitrogen at 2.5 L/min, the drying gas was nitrogen at 6 L/min, and the temperature of the desolvation line was set at 200῏. The mass spectrometer was used in the selected ion monitoring (SIM) mode, detecting the deprotonated molecular ion [MῌH] ῌ (m/z 317). Quantification of zearalenone was carried out with a calibration curve.
LC/MS/MS conditions
The values obtained by LC/MS were confirmed by LC/MS/MS, chromatographic separation was per- formed using an Agilent 1200 series LC system (Agilent Technologies), and mass detection was performed with an Agilent 6410 triple quadrupole mass spectrometer (Agilent Technologies) equipped with an electrospray ionization (ESI) interface in the negative ion mode. A 5-mL sample was loaded onto a ZORBAX Eclipse XDB-C18 column (50ῌ4.6 mm i.d., 1.8 mm; Agilent Technologies) at 40῎. The mobile phase was acetonitrileῌ methanolῌ10 mmol/L ammonium acetate solution (4 : 7 : 9) at a flow rate of 0.3 mL/min. The nebulizer gas of the mass detector interface was nitrogen at 60 psi, the drying gas was nitrogen at 10 L/min at 350῎, and the capillary voltage and fragmenter voltage were set to 4.0 kV and 160 V, respectively. The mass spectrometer was used in multiple reaction monitoring (MRM) mode. The collision energy was set to 25 eV, and the precursor and product ions were ῌ (m/z 175), respectively.
Results
The results of the survey of zearalenone contamination of sorghum used for formula feed from 2001 to 2006 in Japan are shown in Table 1 . Concentrations were determined using HPLC, and the limit of quantification (LOQ) was 50 mg/kg. The survey revealed large annual variation in the rates and concentrations of contamination. Of the sorghum samples analyzed, 16.7ῌ91.5῏ (52.5῏ of all samples) were contaminated by zearalenone at levels higher than the LOQ: from 60 to 7,260 mg/kg.
Although a maximum level of zearalenone is only set for formula feeds and not for cereals in Japan, the EU has set the level of 2,000 mg/kg for cereals, with the exception of corn by-products for feed materials῍ 2 . In this survey, five samples collected in 2002 exceeded the maximum level of zearalenone in the EU.
We studied 14 samples of sorghum for mycoflora identification.
Penicillium, Epicoccum, Phoma, and Fusarium species were present in most of the samples. Table 2 shows the incidence of Fusarium infection. Fusarium species detected were mainly F. semitectum, F. oxysporum, and F. verticillioides. High counts of F. semitectum were observed in three samples (M-8, M-158, and M-480) with high concentrations of zearalenone. The counts of F. semitectum and of other Fusarium spp. correlated significantly (p῍0.05) with the concentration of zearalenone, and the correlation coe$cients were 0.95 and 0.93, respectively. Table 3 shows the production of zearalenone by the 
Discussion
There have been a few papers reporting zearalenone contamination of sorghum.
Shotwell et al. 5) and Bagneris et al. 9) have reported on zearalenone contamination of sorghum harvested in the United States. Shotwell et al. 5) surveyed 197 samples of sorghum harvested in 1975 and 1976, detecting zearalenone in 56 of the samples (28῍) at concentrations between 200 and 6,900 mg/kg. Bagneris et al. 9) reported that zearalenone was found in all five samples of sorghum tested, at levels of 47ῌ1,280 mg/kg. Our results in Table  1 are similar to the results of these studies. About 60῍ of the sorghum was imported from the United States, 10῍ from Argentina, 10῍ from Australia, and 20῍ from other countries.
During 2001 to 2005, many formula feeds and cereals used for feeds were analyzed for mycotoxins, including zearalenone, in Japan. The authors reviewed these results in 2006 10) . The frequencies of occurrence and the concentrations of zearalenone were 16.8῍ (49 of 291 samples), 54ῌ1,400 mg/kg in formula feed, and 2.9῍ (4 of 137 samples), 64ῌ160 mg/kg in maize. Barley was contaminated with zearalenone in only one of the 38 samples at a concentration of 320 mg/kg. While there was an annual variation in our results (Table 1) , these results suggest that the zearalenone contamination of formula feed in Japan is due largely to the presence of sorghum.
The Ministry of Agriculture, Forestry and Fisheries (MAFF) in Japan, based on the results of a preliminary survey conducted in 2001, set a maximum level of zearalenone of 1,000 mg/kg for formula feeds῍ 3 . If the sorghum with the highest zearalenone level (7,260 mg/ kg) in this survey is mixed in formula feed at a high mixing rate, there is a possibility that the zearalenone level in the formula feed would exceed the maximum level of 1,000 mg/kg set in Japan.
Despite the fact that sorghum appears to be one of the most significant sources of zearalenone contamination, there have been few reports exploring the possible causal fungi. A short report by Schroeder et al. 4) demonstrated zearalenone contamination of sorghum in the United States, with heavy infections by Fusarium roseum 'Gibbosum' and F. roseum 'Semitectum'. In their study, eight Fusarium isolates from the samples were inoculated onto sterile sorghum for 19 days of culture and zearalenone was extracted with 70῍ aqueous acetone. Comparison of these extracts by thin-layer chromatography with zearalenone standards indicated that all of the isolates produced zearalenone.
Shotwell et al. 5) reported that F. equiseti was present in 42 of 55 sorghum samples contaminated with zearalenone and that 3 of 5 isolates produced the mycotoxin (363ῌ667 ng/g) in cracked corn culture. Based on these results, they concluded that the zearalenone in sorghum was produced by F. equiseti. 
